The users at cell edge of a massive multiple-inputmultiple-output (MIMO) system suffer from severe pilot contamination (PC), which leads to poor quality of service (QoS). To enhance the QoS for these edge users, soft pilot reuse (SPR) combined with multicell block diagonalization (MBD) precoding is proposed. Specifically, the users are divided into two groups according to their large-scale fading coefficients, which are referred to as the center users, who only suffer from modest PC, and the edge users, who suffer from severe PC. Based on this distinction, the SPR scheme is proposed for improving the QoS for the edge users, whereby a cell-center pilot group is reused for all cell-center users in all cells, whereas a cell-edge pilot group is applied for the edge users in the adjacent cells. By extending the classical block diagonalization precoding to a multicell scenario, the MBD precoding scheme projects the downlink transmit signal onto the null space of the subspace spanned by the intercell channels of the edge users in adjacent cells. Thus, the intercell interference contaminating the edge users' signals in the adjacent cells can be efficiently mitigated, and hence, the QoS of these edge users can be further enhanced. Our theoretical analysis and simulation results demonstrate that both the uplink and downlink rates of the edge users are significantly improved, albeit at the cost of the slightly decreased rate of center users.
the "massive" or large-scale multiple-input-multiple-output (LS-MIMO) concept has been proposed [1] [2] [3] , where, typically, each base station (BS) is equipped with a large number of antenna elements (AEs) to serve far fewer single-AE users. This way, each user may have access to several AEs. This LS-MIMO technology offers several significant advantages in comparison with the conventional MIMO concept having a moderate number of AEs. First, asymptotic analysis based on random matrix theory [2] demonstrates that both the intracell interference and the uncorrelated noise effects can be efficiently mitigated, as the number of AEs tends to infinity. Furthermore, the energy consumption of cellular BSs can be substantially reduced [4] , and the LS-MIMO systems are robust, since the failure of one or a few of the AEs and radio-frequency chains would not appreciably affect the resultant system performance [1] . Additionally, low-complexity signal processing relying on matched filter (MF)-based transmit precoding (TPC) and detection can be used for approaching the optimal performance, when the number of AEs at the BS tends to infinity [2] .
Similar to conventional MIMO systems, knowledge of the channel state information (CSI) is also required at the BS of LS-MIMO systems, namely, for data detection in the uplink (UL) and for multiuser TPC in the downlink (DL) [2] , [5] . In the time-division duplexing (TDD) protocol, the BS estimates the UL channels and obtains the DL CSI by exploiting the channel's reciprocity [1] , [3] , [6] . However, this approach suffers from the so-called pilot contamination (PC) problem [1] [2] [3] in multicell multiuser scenarios due to the reuse of the pilot sequences in adjacent cells, which imposes grave interference on the channel estimate at the BS. Furthermore, the commonly used MF and zero-forcing (ZF) TPC schemes will impose intercell interference (ICI) on the DL transmission, which cannot be reduced by increasing the number of AEs at the BS.
Hence, the problems of ICI and PC have been extensively studied [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The fractional frequency reuse (FFR) scheme [7] , [8] adopted in LTE Release 9 aims for mitigating the ICI by assigning orthogonal frequency bands to edge users in the adjacent cells at the cost of additional spectral resources. The original frequency-division duplexing (FDD)-based coordinated multipoint (CoMP) transmission of LTE-A Release 11 [9] is able to avoid the ICI between adjacent cells, whereby each user estimates and feeds back the quantized DL channel from all adjacent cells to the corresponding BS, and then, the BS distributes the CSI to adjacent cells. However, this kind of FDD-based CoMP technique would not be feasible for massive MIMO since the CSI feedback overhead would be huge as the 0018-9545 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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number of BS antennas increases [10] . Using time-shifted pilot sequences for asynchronous transmission among the adjacent cells [11] , [12] partially mitigates this problem, but it leads to mutual interference between data transmission and pilot transmission. A TPC scheme can be used for mitigating the ICI with the aid of joint multicell processing [13] , [14] but, again, imposes a high information exchange overhead. In [15] , specific conditions on the channel's covariance matrix were imposed, which is only valid for the asymptotic case of infinitely many AEs at the BS. The angle of arrival (AOA)-based methods of [16] and [17] exploit the fact that the users having mutually nonoverlapping AOAs hardly contaminate each other even if they use the same pilot sequence, but naturally, the efficiency of these methods relies on the assumption that the AOA spread of each user is small, which is not always the case under realistic channel conditions. A data-aided channel estimation scheme was proposed in [18] , whereby partially decoded data are used for estimating the channel, and the PC effects can be beneficially reduced by iterative processing at the cost of an increased computational complexity. Additionally, the blind method of [19] and [20] based on subspace partitioning is capable of reducing the ICI under the assumption that the channel vectors of different users are orthogonal, which is not often the case in practice. The scheme proposed in [21] is capable of eliminating PC altogether, but this is achieved with the aid of a complex DL and UL training procedure. Note that all these existing contributions treat all users in the same way, as though they suffer from the same PC, but in reality, the severity of PC varies among the users. Against the preceding background, inspired by the FFR scheme [7] adopted in LTE Release 9, we propose a soft pilot reuse (SPR) scheme for mitigating the PC of LS-MIMO systems, whereby a cell-edge pilot group is applied for the cell-edge users in adjacent cells, whereas the cell-center users reuse the same center pilot group in all cells. Furthermore, by extending the classical block diagonalization (BD) precoding [23] to a multicell scenario, a multicell block diagonalization (MBD) TPC technique is conceived for mitigating the ICI and for enhancing the quality of service (QoS) for the edge users. Specifically, the contributions of this paper are summarized as follows.
• We break away from the traditional practice of treating the PC for all users identically-instead, we divide the users into two different groups to be considered separately, namely, center users subjected to a slight PC and the edge users suffering from more severe PC. This way, the center users can benefit directly from the LS-MIMO technology, and the efforts can be directed toward improving the QoS for the edge users. • In contrast to the FFR scheme, which assigns orthogonal frequency bands to the edge users in adjacent cells, the proposed SPR scheme divides the pilot types into two groups within the same frequency band, i.e., in a center pilot group, which is reused for the center users in all cells, and in an edge pilot group, which is applied for the edge users in adjacent cells. Thus, for the edge users, the accuracy of the channel estimation is improved, and the UL achievable rate is increased. Moreover, by using slightly more pilot resources for edge users, the BS becomes capable of estimating not only the intracell channels of the users within the reference cell but the knowledge of the "intercell channels" of the edge users in the adjacent cells as well. • Different from the original CoMP technique that has to obtain the intercell channels by consuming large overhead [9] , [10] , the proposed MBD precoding can directly exploit the partial knowledge of the intercell channels and is capable of suppressing the ICI imposed on the edge users of the adjacent cells. Specifically, by extending the classical BD TPC to a multicell scenario, the MBD TPC projects the DL transmit signal onto the null space of the subspace spanned by the partially known intercell channels. Thus, the ICI imposed on the edge users of the adjacent cells can be substantially mitigated; hence, the QoS of the edge users is significantly enhanced. • To analyze the performance of our proposal, we compare the associated pilot requirements, derive the attainable average UL and DL rates, and characterize the computational complexity imposed. Our theoretical derivation confirms that both the achievable UL and DL rates of the edge users are significantly improved at the cost of requiring slightly more pilots. Moreover, our simulation results show that the average UL and DL cell throughputs in the SPR-and MBD-aided system are able to approach and even exceed that of the conventional system, provided that a modestly increased number of BS AEs are affordable.
The rest of this paper is organized as follows. In Section II, we briefly review the multicell LS-MIMO system model, whereas Section III is devoted to detailing the PC, which is the main performance-limiting factor of LS-MIMO systems. Section IV further details the motivation of this paper, whereas the proposed SPR scheme and the MBD precoding are discussed in Section V. Section VI provides our performance analysis of the proposed SPR scheme and MBD precoding. Our simulation results quantifying the benefits of our proposals are presented in Section VII, whereas our conclusions follow in Section VIII.
Throughout our discussions, boldface lower and uppercase symbols represent vectors and matrices, respectively. The transpose, conjugate, and Hermitian transpose operators are given by (·) T , (·) * , and (·) H , respectively. The Moore-Penrose pseudoinverse operator is denoted by (·) † , and the trace operator is represented by Tr(·), whereas diag{a 1 , a 2 , . . . , a m } denotes the diagonal matrix associated with a 1 , a 2 , . . . , a m at its diagonal entries, and the M × M identity matrix is given by I M . The number of elements in a set is denoted by card{·}, and the l p norm is denoted by · p , whereas the expectation operator is given by E{·}.
II. SYSTEM MODEL
A multicell multiuser LS-MIMO system is illustrated in Fig. 1 , which is composed of L hexagonal cells, each having a central BS associated with M antennas to serve K (K M ) single-antenna users [1] , [2] . The channel vector h i,j,k ∈ C M×1 of the link spanning from the kth user of the jth cell to the BS of the ith cell can be formulated as
The small-scale fading vectors g i,j,k ∈ C M×1 are statistically independent for the K users, and they obey the complexvalued Gaussian distribution having a zero-mean vector and a covariance matrix I M ; hence, we have g i,j,k ∼ CN (0, I M ). Still referring to (1) , the large-scale fading coefficients β i,j,k are the same for the different antennas at the same BS, but they are user dependent. Moreover, they are related to both the path loss and shadow fading, which will be addressed in detail in the context of our simulations. Thus, the channel matrix of all the K users in the jth cell and the BS in the ith cell can be represented by
where D i,j = diag(β i,j,1 , β i,j,2 , . . . , β i,j,K ) denotes the largescale fading matrix relating all the K users in the jth cell to the ith cell's BS. By adopting the TDD protocol, the BS obtains the DL channel estimate by exploiting the reciprocity of the UL and DL channels. More specifically, both the small-scale fading vectors and the large-scale fading coefficients may be deemed to be equal for both the DL and UL directions, provided that the bandwidth is sufficiently narrow for avoiding the independent fading of the DL and the UL.
Before considering the PC phenomenon, we summarize the asymptotic orthogonality on random vector [1] . Let x, y ∈ C M×1 be two independent vectors with distribution CN (0, cI M ). Then, from the law of large numbers, we have
where a.s.
−→ denotes the almost sure convergence.
III. PILOT CONTAMINATION
By considering the TDD protocol, we adopt the widely used block-fading channel model, whereby the channel vectors h i,j,k remain constant during the channel's coherence interval. As shown in Fig. 2 , each coherence interval is composed of four stages for each user [12] : 1) UL data transmission; 2) UL pilot transmission; 3) BS processing; and 4) DL data transmission.
At the first stage, all users in all cells synchronously send UL data to their corresponding BSs, and the user data received at the BS in the ith cell can be represented as
j,k | 2 } = 1 denotes the symbol transmitted from the kth user roaming in the jth cell, ρ u represents the UL data transmission power, and n u i ∈ C M×1 denotes the corresponding UL channel's additive Gaussian white noise (AWGN) vector associated with E{n u i (n u i ) H } = (σ u n ) 2 I M . For a typical LS-MIMO system, the pilot sequences used within a specific cell are orthogonal, but the same pilot group is typically reused in the adjacent cells due to the limited number of orthogonal pilot sequences. Thus, during the second stage, the matrix of pilot sequences received at the BS of the ith cell, which is denoted by
containing the transmitted pilot sequence satisfies ΦΦ H = I K , ρ p is the transmission power of the pilots, and N p i ∈ C M×τ denotes the UL channel's AWGN matrix.
During the third stage, the BS of the ith cell obtains an estimate of the channel matrix H i,i using any conventional channel estimation method by directly correlating the received pilot matrix with the local pilot matrix, yielding
It can readily be seen that the channel estimate of the kth user in the ith cell, namely, h i,i,k , is a linear combination of the channels h i,j,k for 1 ≤ j ≤ L, which include the channels of the users in the other cells associated with the same pilot sequence. This phenomenon is referred to as PC [1]- [3] . Given the estimated channel matrix H i,i and by adopting the lowcomplexity MF detector, the detected symbol arriving from the kth user in the ith cell can be represented as
represents the interference, which can be reduced to an arbitrarily low level by increasing the number of transmit antennas M at the BS, and (a) ≈ indicates that the approximation holds by invoking the asymptotic orthogonality associated with M → ∞. Thus, the UL signal-to-interference-plus-noise ratio (SINR) of the kth user in the ith cell can be calculated as
and the achievable UL rate can be expressed as
where 0 < μ < 1 evaluates the spectral efficiency reduction caused by the pilot transmission [24] . It is clear that the UL achievable rate remains limited by the PC and it cannot be increased by simply assigning an increased transmission power and/or pilot power, i.e., by increasing ρ u and/or ρ p .
The PC affects the DL transmission during the fourth stage as well. The normalized MF precoding matrix [3] is commonly used for the DL transmission, which can be represented by
symbol vector for the K users in the ith cell. The received signals of the K users in the ith cell can be collected together as
Similar to the derivation shown in (6) , the DL SINR of the kth user in the ith cell can be derived as
where ε d i,k denotes the corresponding interference similar to ε u i,k given in (5) . The corresponding DL rate can be represented
In summary, the PC caused by the reuse of the same orthogonal pilot group in adjacent cells cannot be reduced by increasing the number of antennas at the BS; hence, it limits the achievable performance of multicell multiuser LS-MIMO systems.
IV. MOTIVATION OF OUR PROPOSAL
In the existing state-of-the-art solutions [7] , [8] , [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , which aim for reducing the PC, all users are treated identically. However, according to (6) and (7), it becomes clear that the attainable SINR is proportional to the large-scale fading coef- ficients β 2 i,i,k , which are different for the K users of each cell. Thus, we have to break away from this traditional concept of treating the PC for all users identically, which motivates our idea of dividing the users of each cell into two groups, namely, the group of center users subjected to modest PC and the group of edge users suffering from severe PC. We will treat them differently.
In fact, the limit of the UL SINR of the kth user in the ith cell, which is defined by
specifies the severity of the PC for this user. Therefore, it is easy to sort the users in a cell according to their SINR values η i,k , if all the large-scale fading coefficients {β 2 i,j,k } are known at the BS, which is a key assumption stipulated in the state-ofthe-art contributions [6] , [11] , [18] . However, in practice, it is difficult for the BS to obtain an accurate estimate of the largescale fading coefficients of the users in other cells, i.e., of β 2 i,j,k for j = i, unless BS cooperation is invoked, which is typically associated with a substantial side-information overhead.
Since we have η i,k ∝ β 2 i,i,k , we may also use β 2 i,i,k for estimating the severity of the PC for the kth user roaming in the ith cell. In contrast to β 2 i,j,k for j = i, all the large-scale fading coefficients {β 2 i,i,k } of the K users in the ith cell can be readily obtained. Thus, the K users in the ith cell can be readily divided into two groups according to
The user-grouping threshold ρ i can be set to
where λ can be adjusted according to the specific system configuration. A simple case is illustrated in Fig. 3 , where, according to the large-scale fading coefficients {β 2 i,i,k } and the given threshold ρ i , the users are divided into two groups, namely, the center users associated with only a slight PC and the edge users subjected to severe PC. Note that the threshold ρ i is not based on the geographic locations of the users-it is rather based on the signal space of {β 2 i,i,k }. Since the center users only suffer from minor PC, the conventional LS-MIMO scheme outlined earlier is capable of attaining a high performance. By contrast, the edge users suffer from serious PC; hence, their performance based on the conventional LS-MIMO scheme is expected to be poor. To enhance the QoS of the edge users, who suffer from heavy PC, we propose the more sophisticated SPR scheme and MBD precoding in the following.
V. PROPOSED SOFT PILOT REUSE SCHEME AND MULTICELL BLOCK DIAGONALIZATION PRECODING Based on the division of users into two groups as outlined in Section IV, it is plausible that the center users indeed benefit from the conventional LS-MIMO technique. By contrast, improved measures have to be considered for enhancing the QoS of the edge users, such as our SPR and MBD schemes, which will be discussed in detail in the following.
A. Proposed Soft Pilot Reuse Scheme
Inspired by the FFR scheme, which assigns orthogonal frequency bands to edge users in adjacent cells to prevent serious ICI in 3GPP LTE Release 9, we propose the SPR scheme to mitigate the PC, whereby orthogonal pilot subgroups are assigned to the edge users in the adjacent cells, whereas a center pilot group is reused for the center users of all cells.
More specifically, consider a typical LS-MIMO system, which is composed of L hexagonal cells, where the ith cell supports K i users. In the conventional LS-MIMO scheme [1] [2] [3] , the number of orthogonal pilot sequences required can be calculated as
In contrast to the conventional LS-MIMO scheme, where all users are treated identically, the K i users of the ith cell are first divided into two groups according to their large-scale fading coefficients {β 2 i,i,k }, which have cardinalities of
where
represents the number of edge users. Thus, the number of orthogonal pilot sequences needed in the proposed SPR scheme can be calculated as
where K c = max{K i,c , i = 1, 2, . . . , L} denotes the number of pilot sequences assigned to the center users, whereas K e = L i=1 K i,e denotes the number of pilot sequences dedicated to the edge users. It should be pointed out that we assume having L cooperating cells; thus, L is a moderate value. For example, we have L = 7 for the classic seven-cell system. Then, the entire set of pilot resources where Φ c ∈ C K c ×τ is reused for the center users in all cells, and Φ e ∈ C K e ×τ is applied to the edge users of the adjacent cells. Furthermore, Φ e can be divided into L partitions, as
where Φ e,i ∈ C K i,e ×τ is applied to the K i,e edge users in the ith cell. Thus, the pilot sequences applied to edge users are orthogonal to those of the other users roaming in the adjacent cells.
In the example in Fig. 4 , there are three hexagonal cells associated with K 1 = 4, K 2 = 5, and K 3 = 6 users. To completely eliminate the PC would require 15 orthogonal pilot sequences. It can be readily calculated that we have K CS = 6 and K SPR = 8 for this simple case. Although the proposed SPR scheme requires slightly more pilot resources than the conventional scheme, the QoS of the edge users can be significantly improved, which will be verified in the following.
B. Channel Estimation Based on Soft Pilot Reuse
By applying the proposed SPR scheme, the BS becomes capable of estimating the channels for its edge users in the absence of PC, since the pilot sequences assigned to the edge users are all orthogonal. Moreover, the BS can also obtain the partial knowledge of the intercell channels of the edge users in adjacent cells, which is the dominant source of the ICI inflicted upon these edge users of the adjacent cells during the BS's DL transmissions.
Specifically, we consider the same LS-MIMO system as in Section V-A, which is composed of L hexagonal cells, where the ith cell has K i users. Based on the proposed SPR scheme, we divide the channel matrix H i,j as defined in (2) into two parts, i.e.,
where H c i,j ∈ C M×K j,c denotes the channel matrix of the link spanning from the center users in the jth cell to the BS in the ith cell, whereas H e i,j ∈ C M×K j,e denotes the channel matrix of the link spanning from the edge users in the jth cell to the BS in the ith cell. Then, the pilot sequence received at the BS of the ith cell can be represented by
where Φ c (r : K j,c ) denotes the submatrix composed of the first K j,c rows of Φ c , whereas N p i denotes the corresponding AWGN matrix at the UL receiver.
Then, the BS becomes capable of estimating the channel of its center users as
where N
, which can be reduced to an arbitrarily small value by increasing M , and H c i,j (c :
. In contrast to the conventional scheme of (4), the proposed scheme only allows the center users to reuse the same pilot group of Φ c , since the PC imposed on these center users is modest. Consequently, the severity of the PC inflicted upon the channel estimation of the center users given in (18) is minor.
On the other hand, by adopting the proposed SPR scheme, the BS of the ith cell becomes capable of acquiring the channel estimate of its edge users without excessive PC, yielding
where we have N
, which can be made arbitrarily small by increasing the number of antennas at the BS. It is clear that the PC is completely eliminated for these edge users, and therefore, the channel estimation accuracy of these edge users is significantly enhanced. By contrast, with the conventional scheme, these edge users suffer from grave PC, and hence, their channel estimates have extremely poor quality, which severely limits the achievable UL detection performance. With the aid of the proposed SPR scheme, the full channel estimate at the BS of the ith cell is then given by
which is significantly more accurate than that of the conventional channel estimation scheme of (4). Thus, given this more accurate channel estimate, the UL achievable rate of the edge users can be significantly increased, which will be analyzed in detail in Section VI. Moreover, since the edge users of the adjacent cells rely on orthogonal pilot sequences, a BS can also acquire the partial intercell channels for the edge users of the adjacent cells. Specifically, by correlating the received pilot matrix Y p i with Φ e,j , the BS of the ith cell becomes capable of acquiring the partial intercell channels from the edge users in the jth cell without PC, as follows:
can be rendered arbitrarily small upon increasing M . Thus, the BS of the ith cell becomes capable of accurately estimating all the partial intercell channels of the links spanning from the edge users of the adjacent cells, which comprises an estimate of the intercell channel matrix A i ∈ C (K e −K i,e )×M as
For instance, in the simple example depicted in Fig. 4 , the BS in the first cell is able to acquire the accurate channel estimates of both its edge user and of the partial intercell channels of the edge users in two adjacent cells. The intercell channel matrix A i provides important information for the DL TPC design. Armed with its accurate estimate A i , the BS of the ith cell will be able to beneficially preprocess its transmissions for the sake of reducing the ICI inflicted upon its neighboring edge users roaming in the adjacent cells, which is the topic in the following.
C. Multicell Block Diagonalization Precoding
By selecting the TPC vector for a specific user from the null space spanned by the channels of other users, the classical BD TPC scheme [23] adopted in single-cell multiuser MIMO systems is capable of eliminating the multiuser interference. Armed with the estimate of the partial intercell channels, we propose the MBD TPC by extending the classical BD TPC to a multicell multiuser scenario. Specifically, by projecting the DL transmit signal onto the null space of the subspace spanned by the intercell channels, the proposed MBD TPC becomes capable of eliminating the ICI imposed on these edge users.
To obtain the null space of the intercell channels, we first apply the classic singular value decomposition (SVD) [22] to the intercell channel matrix A i , yielding
where U i ∈ C (K e −K i,e )×(K e −K i,e ) denotes the left singular vector matrix, V i ∈ C M×M denotes the right singular vector matrix, and Σ i ∈ C (K e −K i,e )×M is composed of the singular values as
in which r i = rank( A i ) is the rank of A i , Σ i = diag{σ i,1 , σ i,2 , . . . , σ i,r i }, and the singular values satisfy
According to the properties of full SVD, the null space of the intercell channels, namely, Null( A i ) ⊆ C M , can be spanned by the columns of the matrix B i ∈ C M×(M−r i ) , which is a submatrix of V i defined by
where v i,j denotes the jth column of V i . Note that the existence of this null space is guaranteed owing to the fact that the number of antennas at the BS of LS-MIMO systems is much larger than that of the edge users, i.e., we have
The large null space of the intercell channels indicates that, for any TPC matrix chosen from this null space, i.e., ∀ W i ⊂ Null( A i ), we have
which means that this TPC matrix calculated for the ith cell is capable of eliminating the ICI inflicted upon the edge users roaming in the adjacent cells. It is plausible, however, that a precoding matrix, which is randomly chosen from the null space Null( A i ) may cause severe intracell interference. To avoid the deleterious effects of intracell interference, we project a conventional TPC matrix onto this null space. For example, by projecting this conventional MF precoding matrix
, we can generate the MF-based MBD matrix as
where P B i = B i B † i denotes the projection operator based on the matrix B i , and γ MFMBD i is a normalization factor given by
in which P H B i = P B i and P B i P B i = P B i are applied. Similarly, by projecting the conventional ZF TPC matrix onto the null space Null(A i ), we can generate the ZF-based MBD matrix as
where the normalization factor γ ZFMBD i is calculated as
(32) Both the precoding matrices W MFMBD i and W ZFMBD i are capable of eliminating the ICI imposed on the edge users of the adjacent cells. An illustrative example is depicted in Fig. 5 , where, based on the proposed SPR scheme, the BS becomes capable of estimating the partial intercell channels of the edge users roaming in the adjacent cells. The MBD TPC then projects the DL transmission signal onto the null space of the partial intercell channels to eliminate the ICI contaminating the reception of these edge users in the adjacent cells. Therefore, the MBD TPC significantly increases the DL achievable rate of edge users, and consequently, the QoS of edge users is considerably enhanced.
VI. PERFORMANCE ANALYSIS
Before we investigate the performance of the proposed SPR and MBD schemes, we first discuss the amount of pilot resources required, then derive both the UL and DL achievable rates, and, finally, consider the computational complexity imposed.
A. Pilot Resource Consumption
As seen in (11) , the conventional scheme requires K CS = max{K i , 1 ≤ i ≤ L} number of orthogonal pilot sequences, and it suffers from grave PC. Again, to eliminate the PC caused by the reuse of the same pilot group in adjacent cells, the most plausible solution is to apply orthogonal pilot sequences to all users in all cells. However, the number of orthogonal pilot sequences would be increased to
which leads to a substantial spectral efficiency reduction.
Recall that the proposed SPR and MBD schemes are capable of enhancing the QoS for edge users at the expense of a slightly increased number of pilot resources. More specifically, by comparing (11) and (13) , the additional pilot resources required by the proposed SPR scheme can be derived as
where i 0 denotes the index of the cell that has the most users, i.e., K i 0 = K CS . It is clear that the additional number of pilot sequences is close to the total number of the edge users. Since the edge users are classified according to the threshold ρ i , which can be adjusted by the parameter λ, the number of edge users can be also flexibly adjusted.
More explicitly, the careful choice of the parameter λ provides a flexible tradeoff between the pilot resources required and the achievable system performance of the proposed SPR scheme. At one extreme end, when the parameter λ is set to 0, all the users will be regarded as edge users, and the proposed SPR scheme becomes equivalent to the orthogonal scheme, where all users in all cells use orthogonal pilot sequences. Naturally, this achieves the best performance but relies on the most pilot resources, requiring K OS orthogonal pilot sequences. At the other extreme, when the parameter λ is set to a sufficiently large value, e.g., λ = K CS , then all users are regarded as center users, and the proposed SPR scheme degrades to the conventional scheme that reuses the same pilot group in all cells. Hence, the resultant arrangement attains the worst performance but consumes the minimum pilot resources, hence requiring only K CS orthogonal pilot sequences.
B. Uplink Transmission
For the center users, the average SINR performance of SPR-aided UL transmission becomes almost the same as that of applying the conventional scheme. This is because, for the center users in a cell, the estimated channel matrix of (4) obtained by applying the conventional scheme is very similar to that of (18) obtained by applying the SPR scheme. However, the achievable rate of the center users of the SPR-aided UL transmission is slightly reduced, since the pilot overhead increases, i.e., μ → (K SPR /K CS )μ. On the other hand, the performance of UL transmission for the edge users is much more complex, as shown in the following.
Similar to the received signal given in Section III based on the conventional scheme, the received signal at the BS of the ith cell based on the SPR scheme can be represented as
where x u,c j = [x u,c j,1 x u,c j,2 , . . . , x u,c j,K j,c ] T denotes the symbol vector transmitted from the K j,c center users in the jth cell, x u,e j = [x u,e j,1 x u,e j,2 , . . . , x u,e j,K j,e ] T is the symbol vector transmitted from the K j,e edge users in the jth cell, and n u i denotes the corresponding UL AWGN vector.
By adopting the MF detector based on the channel estimation obtained by the SPR scheme for the edge users in the ith cell, i.e., H e i,i of (19), the detected symbol vector for the K i,e users in the ith cell is given by 
where D e i,i = diag{β e i,i,1 , β e i,i,2 , . . . , β e i,i,K i,e } denotes the subdiagonal matrix of D i,i consisting of the K i,e edge users' large-scale fading coefficients, and η u,e i = [η u,e i,1 η u,e i,2 , . . . , η u,e i,K i,e ] T denotes the interference, which can be made arbitrarily small by increasing the number of antennas at the BS. In particular, for the kth edge user in the ith cell, the detected symbol is given by
where μ u,e i,k =
i,k is the intracell interference arriving from the other edge users in the same cell, which can be rendered arbitrarily small by increasing M . Similar to the derivation in (6) , the UL SINR of the kth edge user in the ith cell can be calculated as In summary, in contrast to the conventional scheme, which is unable to remove the PC by simply increasing the number of antennas at the BS M , for the edge users, we eliminated the PC imposed on the UL data transmission, and consequently, the UL achievable rate is significantly improved. Similar results can be obtained if we adopt the ZF detector for UL transmission in our proposal, and the ZF detector outperforms the MF detector, which will be verified by our numerical results.
C. Downlink Transmission
Similar to the analysis of the UL transmission, here, we focus our attention on the DL transmission of the edge users in our proposal.
By adopting the MFMBD precoding matrix as derived in (29), the received signal vector of the K i,e edge users in the ith cell can be represented as 
Thus, for the kth edge user in the ith cell, the received symbol can be represented as
where the intracell interference μ d,e i,k is given by
Both n d,e i,k and μ d,e i,k can be made arbitrarily small by increasing the number of antennas at the BS. The DL SINR of the kth edge user in the ith cell can be then calculated as It is clear that, for the edge users, the PC is eliminated by our proposed scheme during the DL data transmission, and additionally, both the ICI and the intracell interference imposed on these edge users have been reduced by the MBD scheme. Similar results can be obtained if we adopt the ZFbased MBD TPC matrix, i.e., W ZFMBD i , for DL transmission in our proposal.
Taking into account the extra pilot resource, the achievable DL rate of the edge users has been significantly improved, whereas that of the center users is slightly reduced. Moreover, the average UL and DL cell throughputs of the SPR-and MBDassisted system will be confirmed later by our simulation study.
D. Computational Complexity
The computational complexity of implementing the MBD scheme at the BS for the edge users will be quantified in terms of the number of complex-valued multiplications required, which includes the following two main contributions. 1) For the SVD operator, the complexity is on the order of M K 2 e , which is denoted by O(M K 2 e ), which allows us to calculate A i = U i Σ i V H i by using the QR decomposition. 2) For the matrix pseudoinverse operation, the complexity is on the order of O(M K 2 CS ), which allows us to generate the ZF-based MBD precoding matrix by using the Gram-Schmidt algorithm.
The total computational complexity of implementing the MBD scheme at the BS is therefore on the order of O(M (K 2 e + K 2 CS )), which is comparable with that of the conventional scheme, and it is within the computational capability of a typical state-of-the-art BS.
VII. SIMULATION STUDY
We evaluated the performance of the proposed SPR and MBD schemes using a set of Monte Carlo simulations. A typical hexagonal cellular network of L total cells was considered, where the BS of each cell employed M AEs, and the ith cell had K i single-AE users [2] , [25] , [26] . The default values of the various parameters of this simulated hexagonal cellular network are summarized in Table I . The large-scale fading coefficient β i,j,k was generated according to [2] 
where R denotes the cell radius, and α is the path loss exponent, whereas r i,j,k is the distance between the kth user in the jth cell and the BS in the ith cell, whereas z i,j,k denotes the shadow fading factor, which obeys the log-normal distribution, i.e., 10 log 10 (z i,j,k ) follows the zero-mean Gaussian distribution having a standard deviation of σ shadow . The reuse factor of center pilot group Φ c is 1, i.e., it is reused in all L total cells, whereas the reuse factor of edge sub pilot groups Φ e = [Φ T e,1 Φ T e,2 , . . . , Φ T e,7 ] T is 7, i.e., the ith cell utilizes Φ e, mod (i,7)+1 , and nonadjacent cells reuse the same edge sub pilot group. The locations of the users in each cell were all randomly generated in each trial. A particular simulation trial is shown in Fig. 6 , where the red crosses and green dots in each cell denote the center users and edge users, respectively, which are classified by the BS based on the threshold ρ i associated with the parameter λ = 0.1. As stated previously and shown in Fig. 6 , the classification of center users and edge users is not based on their distance from the serving BS. Fig. 7 compares the channel estimation accuracies as functions of the grouping parameter λ for both the conventional and proposed SPR schemes with M = 128. In each simulation trial, the channel estimation mean square error (MSE) of the edge users is calculated as
where h e i,i,k denotes the estimate of the true channel vector h e i,i,k , whereas the MSE of the channel estimation for the center users is defined as where h c i,i,k denotes the estimate of the true channel vector h c i,i,k . The average results over 100 random simulation runs are presented in Fig. 7 . By increasing the grouping parameter λ, more users will be regarded as edge users. As expected, for the center users, who only suffer from a slight PC, both the conventional and proposed SPR schemes attain the same excellent channel estimation accuracy. However, the conventional scheme attains a poor channel estimation accuracy for the edge users, who suffer from severe PC. By contrast, since the PC is eliminated by applying orthogonal pilot sequences for the edge users in the adjacent cells, the channel estimation accuracy achieved by the proposed SPR scheme is significantly improved. Fig. 8 shows the cumulative density function (CDF) of UL SINR for both the conventional and proposed SPR schemes with M = 128 and λ = 0.1, where the results are presented by 1000 random simulation trials. In each simulation run, the conventional scheme calculates the UL SINR of a center or an edge user according to the first line of (5) . For our SPR scheme, the UL SINR of center users is similar to that for the conventional scheme, whereas the UL SINR of edge users is calculated by the first line of (36) in each simulation trial. Since the UL transmission of the proposed SPR scheme is almost the same as that of the conventional scheme for the center users, their curves in Fig. 8 are almost coincided. Observed in Fig. 8 , our SPR scheme attains a significantly higher UL SINR for the edge users than the conventional scheme. Furthermore, the ZF detector is always better than the MF detector by about 2 dB for both center users and edge users. Fig. 9 shows the CDF of UL achievable rate for the conventional and proposed SPR schemes with M = 128 and λ = 0.1, where the results are obtained from 500 random simulation runs. In each simulation trial, we generate the user positions first and then generate the channels of users for 50 times to obtain the UL achievable rate. Although the UL SINR results of the center users of the conventional and SPR schemes are the same as shown in Fig. 8 , the UL achievable rates are different due to the different pilot overheads, i.e., μ → (K SPR /K CS )μ. It is clear that the UL achievable rate of edge users is significantly improved by the SPR scheme, whereas the UL achievable rate of center users decreases due to the increased pilot overhead. Moreover, the ZF detector always outperforms the MF detector by about 0.3 b/s/Hz per user. Fig. 10 shows the average UL cell throughput for the conventional and proposed SPR schemes with M = 128. It is clear that, by increasing the group parameter λ, there will be more users regarded as edge users, which leads to the increase of pilot overhead and the decrease of UL achievable rate of center users. Thus, the proper selection of grouping parameter is important, e.g., λ ≤ 0.2, which improves the performance of edge users and ensures the cell throughput. Otherwise, e.g., λ > 0.5, it is clear that the loss caused by overlarge pilot overhead outweighs the gain of the SPR scheme. In addition, the ZF detector always provides a gain about 5 b/s/Hz of average cell throughput compared with the MF detector. Fig. 11 shows the average UL cell throughput comparison of the conventional and proposed SPR schemes with λ = 0.1 against the number of BS antennas M . When the number of BS antennas is small, i.e., M = 32, the average UL cell throughput of the proposed SPR scheme is smaller than that of the conventional scheme about 5 b/s/Hz with MF detector adopted. It is obvious that, to obtain the performance gain for edge users as shown in Fig. 9 , the proposed SPR scheme scarifies the spectral efficiency due to the increased pilot overhead and leads to the average UL cell throughput reduction. However, by increasing the number of BS antennas, e.g., M = 256, it becomes clear that the average UL cell throughput of the proposed SPR scheme approaches that of the conventional scheme since the performance of edge users can be significantly improved by increasing M . Moreover, the ZF detector outperforms the MF detector a lot when M is small, and the gap shrinks as M increases. Fig. 12 shows the CDF of DL achievable rate for the conventional system, the SPR-aided system, and the SPR-and MBDassisted system with M = 128 and λ = 0.1. Despite the MBD precoding scheme, it is clear that the results of DL achievable rate are similar with that of UL achievable rate, as shown in Fig. 9 , due to their duality property. When the MBD precoding is considered, we find that the DL achievable rate of edge users can be significantly improved due to the elimination of the ICI, whereas the DL achievable rate of center users slightly decreases since the projecting operator of the MBD precoding sacrifices degrees of freedom of the DL signals for center users. Again, we can find that the ZFMBD precoding achieves a gain about 0.4 b/s/Hz compared with the MFMBD precoding for edge users. Fig. 13 shows the average DL cell throughput for the conventional system, the SPR-aided system, and the SPR-and MBD-assisted system with λ = 0.1 against M . The conventional system outperforms the SPR-aided system, whereas the SPR-and MBD-assisted system performs worst when small number of BS antennas is considered, e.g., M = 32. However, considering the typical massive MIMO configuration as Fig. 12 . CDF of DL achievable rate for the conventional system, the SPR-aided system, and the SPR-and MBD-assisted system with M = 128 and λ = 0.1. Fig. 13 . Average DL cell throughput for the conventional system, the SPR-aided system, and the SPR-and MBD-assisted system with λ = 0.1 against M . M = 256, it is clear that the average DL cell throughput of the SPR-aided system approaches that of the conventional scheme, and the SPR-and MBD-assisted system performs best among all three. Moreover, when M is further increased, the performance gap between the SPR-and MBD-assisted system and the conventional system will also become larger, which means that the increased rate of edge users becomes larger than the decreased rate of center users.
VIII. CONCLUSION
We have developed an SPR and MBD precoding regime for LS-MIMO systems, which are capable of significantly enhancing both the achievable UL and DL rates for edge users. Our contribution is twofold. First, we break away from the traditional practice of treating all users as though they suffer from the same level of PC and propose a simple yet effective means of dividing the users into cell-center and cell-edge users.
This grouping allows us to apply the proposed SPR scheme, whereby a center pilot group is reused for the center users in all cells, whereas the edge pilot group is applied to the edge users in the adjacent cells. By requiring a slightly increased number of pilot sequences, the proposed SPR scheme eliminates the PC inflicted upon the edge users who would otherwise suffer from severe PC in the conventional scheme. This significantly enhances the QoS for the edge users and, at the same time, ensures both the average UL and DL cell throughputs with slight and negligible reduction compared with that of the conventional system. Second, we further exploit the fact that the BS becomes capable of estimating the intercell channels of the edge users in the adjacent cells with the aid of the SPR regime without the deliterious effects of PC. Finally, we extend the classical BD precoding to a multicell scenario and propose the MBD precoding to eliminate the ICI imposed on the edge users of the adjacent cells in the DL. This MBD precoding further enhanced the performance of edge users in DL transmission and improved the average DL cell throughput, in addition to the gain obtained by the SPR scheme.
